Renewable and Sustainable Energy Reviews 39 (2014) 883-890 


Renewable and Sustainable Energy Reviews 


journal homepage: www.elsevier.com/locate/rser 


Contents lists available at ScienceDirect 


An economic analysis of a stand-alone and grid-connected cattle farm (eee 


R. Velo *, L. Osorio, M.D. Fernandez, M.R. Rodriguez 


Agroforestry Engineering Department, Escuela Politécnica Superior, Campus Universitario, University of Santiago de Compostela, Lugo 27002, Spain 


ARTICLE INFO 


ABSTRACT 


Article history: 

Received 12 February 2014 
Received in revised form 

27 May 2014 

Accepted 19 July 2014 
Available online 8 August 2014 


Keywords: 

Off-grid 
Stand-alone system 
Hybrid system 


This paper presents an economic study of electricity supply to a dairy cattle farm of 50 livestock units. 
We compared a stand-alone battery-wind-diesel hybrid system with an only-grid connected system and 
we analyzed four locations in Spain with different average wind speeds. The farm's electricity demand is 
63 kWh/d and the hybrid system designed for its supply is made up of a 20 kW wind turbine, a diesel 
generator and a battery. All simulations were made with the HOMER® (Hybrid Optimization Model for 
Electric Renewables) software. Through a sensitivity analysis we can determine the economic viability of 
different options and sizes of the components of the installation. 

In locations with an average wind speed higher than 7.39 m/s, a stand-alone system is profitable as 
long as the distance to the grid is higher than 7 km, the price of electricity is 0.192 €/kWh and diesel 
price is 1.8 €/L. If 800 Ah-battery is used instead of 200 Ah, the COE will be reduced by 18% in location 


with 7.39 m/s average wind speed. 


© 2014 Elsevier Ltd. All rights reserved. 
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1. Introduction 


The EU is committed to reducing emissions of greenhouse 
gases by up to 80-95% below 1990 levels by 2050 while ensuring 
energy supply and competitiveness. These objectives imply a 
permanent development of all renewable energy sources and 
especially wind power. Currently is the leading technology in 
electricity generation and will provide in 2050 from 32% to 49% of 
total electricity consumption [1]. 

The International Energy Agency appeals to governments to 
encourage actions that accurately reflect the real cost of energy 
production and consumption. The low carbon electricity should be 
the core of any sustainable energy system since it can produce 
drastic reductions in carbon dioxide emissions in industry, transport 
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and services sector [2]. Since the cost of wind energy is still higher 
than the market price of electricity from conventional energy 
sources, Many countries (Denmark, Germany, Spain, etc.) have 
introduced feed-in-tariffs that use them as a very important instru- 
ment to develop electricity from renewable sources. 

There is an increase in the market of small wind turbines for 
off-grid installations that make decentralized electricity genera- 
tion a competitive solution. Hybrid systems have a huge potential 
to substitute fossil fuels in the current energy systems and will 
cause a considerable reduction in the cost of infrastructures [3]. 

In recent years, wind turbine technologies have advanced 
considerably in power control systems and in wind field modeling 
as important part of a structural analysis of wind turbines. There 
are still obstacles to the diffusion of stand-alone and small grid- 
connected systems, such as unfavorable regulations and price 
settings that lead to the undervaluing of grid-connected systems. 

Lundsager et al. [4], based on previous experiences, emphasize 
various general recommendations for the installation of isolated 


884 R. Velo et al. / Renewable and Sustainable Energy Reviews 39 (2014) 883-890 


wind energy projects and between us we emphasize that these 
projects should be part of a concerted plan of action within a 
national program. Also we underline that it is desirable to avoid 
further difficulties, study in detail the feasibility of the project. 

There are several tools to design hybrid systems as Hybrid 
Optimization Model for Electric Renewable (HOMER), Hybrid2 
software package (HYBRID2), Hybrid Optimization by Genetic 
Algorithms (HOGA) and Transient Energy System Simulation 
program (TRNSYS). The ideal tool is highly dependent on the 
specific objectives that must be fulfilled, of the applications, and 
combined with other factors such as the energy-sectors consid- 
ered, technologies accounted for, time parameters used, tool 
availability, and previous studies [5]. 

One of the reasons for the high costs of electricity supply can be 
attributed to the dependence on centralized energy systems and 
operating mainly fossil fuels and also require large investments for 
setting transmission and distribution networks to reach remote 
regions [6]. The stand-alone systems have disadvantages like 
excess battery costs, low capacity factor and finite capacity to 
store electricity forcing to throw away the extra energy generated 
[7]. Economic feasibility and load factors, besides the environ- 
mental factors, help decide between a grid-connected system in 
front of other stand-alone system. Therefore, it is critical to 
examine the conditions under which both systems are profitable. 

Hybrid solar or wind energy systems are an alternative to 
energy supply by electricity network. Several procedures have 
been used to optimize the size of their components [8-17]. Taking 
into account the duration of the batteries, diesel generators and 
fuel price uncertainty, for sizing of a wind-diesel hybrid system, it 
was concluded that the optimal solution is close to many sub- 
optimal solutions characterized with good economic costs but also 
depends on the operating conditions of the system adopted [18]. 

Stand-alone electric generation hybrid systems are more 
appropriate than those that only have one power source for off- 
grid supply, but the design, control and optimization of hybrid 
systems are usually very complex [19]. Celik [20] states that the 
choice of scenarios based on the worst months can lead to a less 
optimal choice of solar-wind hybrid system in terms techno- 
economic. While providing a high level of autonomy, the system 
cost is too high and the same level of autonomy could be obtained 
at less cost by introducing a third power supply. 

Kaldellis et al. [21] develop an algorithm for the estimation of 
the maximum wind energy that can be absorbed by an autono- 
mous system from the knowledge of the restrictions of an 
autonomous electricity network. 

The importance of storage on the economics of hybrid wind- 
diesel power systems in Saudi Arabia is assessed. The percentage 
fuel savings by using hybrid 100 kW system is 27% as compared to 
diesel-only situation [22]. Dalton et al. [23] compared the technical 
and economic feasibility of various renewable energy hybrid 
systems compared to the option of supplying electric power to 
the network in a hotel in Australia and shows that are competitive 
in certain cases studied. Stand-alone systems with renewable 
energy sources require their oversizing and to fulfill significant 
energy storage requirements, which will cause relatively high 
costs. Kaldellis et al. [24] propose an integrated technical-eco- 
nomical methodology for the evaluation of wind and photovoltaic 
stand-alone power systems. 

Lujano-Rojas et al. [25] use a strategy for charge control to 
minimize the energy supplied by the diesel generator and the 
battery and to optimize the use of renewable energy, subjected to 
restrictions imposed by user behavior and the charges work cycle. 
Notton et al. [26] developed a methodology that allows determining 
the optimal configuration of an isolated system according to the 
percentage of the connected load and taking into account physical 
and economic cost considerations. Elhadidy and Shaahid [27] 


study the impact caused by the installation of a battery in a 
wind-solar hybrid system. 

The small diesel generators, up to 100 kW, are only 25-35% of 
efficient, because the fuel costs in remote off-grid communities are 
higher [28]. In Canada are identified 89 villages with at least 5 m/s 
that could be considered as candidates for remote wind power. 
Without any incentive, a maximum of 10 villages are possible 
candidates for wind-diesel projects economically viable and an 
incentive rate of 0.15 $/kWh extend this number to 62 potential 
candidates for such project [29]. 

This paper is structured as follows. Section 2 presents the data 
analysis and the methodology used, Section 3 presents the results 
and conclusions are included in Section 4. 


2. Material and methods 


We analyzed four possible locations for a dairy cattle farm with 
50 livestock units with electricity supplied by a small wind 
turbine. The criteria for the choice were the annual average wind 
speed and the operation hours of the small wind turbine. Both 
parameters were different for each location. Some specifications 
for the locations are shown in Table 1. The main advantage of 
analyzing the four locations is the possibility of importing the 
results to other locations with similar characteristics. 

We used a 20 kW Westwind turbine. Table 2 shows some 
specifications of the chosen model and Fig. 1 represents its power 
curve. It is worth noting that the turbine starts at 4.5 m/s and is 
efficient in situations of low speeds, since many dairy cattle farms 
are not located in the most suitable locations. The price of the 
wind turbine includes the price of the turbine and the tower, as 
well as the cost of the installation, which is estimated at 30% of the 
wind turbine's cost. The price of replacement of the components of 
the hybrid system is estimated at 75% of the initial cost and the 
operation and maintenance cost is estimated at 3% [30]. 

According to all of the above, we simulated the system with 
HOMER software tool, developed by the National Renewable 
Energy Laboratory (NREL) [31]. HOMER is a global standard for 
economic analysis of sustainable remote micro-grid systems and 
creates a computer-generated system as close to reality as possible 
by considering the effect of the variation of the values with the 
time of electric charge and wind speed. 

The criteria of evaluation used are the net present cost (NPC), 
the cost of energy (COE) and the renewable fraction (RF) percentage. 
NPC of the system is the total cost of installing and operating the 
system over its lifetime, with future cash flows discounted to 
the present. The NPC includes the costs of the initial construction, 
the component replacements, maintenance and fuel for the project 
lifetime of 25 years. HOMER uses the following equation to calculate 
the total NPC. The NPC estimation in HOMER also takes into account 
salvage costs, which is the residual value of the power system 
components at the end of the project lifetime. 


Cann 0. 
a (6 (1) 


NPC = —— — — 
CRF(i, Rproj) 


where, Cann tot is the total annualized cost [€/yr], CRF is the capital 
recovery factor, and Rproj is the project lifetime [yr]. 

The capital recovery factor (CRF) is a ratio used to calculate the 
present value of an annuity (a series of equal annual cash flows): 
i(1-- i)" 
(1+i"-1 
where i is the annual real interest rate (4%) [32] and n is the 

number of years (25). 
HOMER assumes that all prices escalate at the same rate and 
this method allows inflation to be factored out of the analysis The 


CRF(i, n) = (2) 
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Table 1 
Characteristics of studied locations. 


Location Madrid 

Coordinates 40°22’40’N 
3°47/21"W 

Average annual wind speed (m/s) 3.92 


Weibull K factor 1.42 
Turbine's operation hours (h/yr) 4111 


Table 2 
Specifications of a 20 kW Westwind wind turbine. 


Description Westwind 20 kw 
Rated wind speed (m/s) 14 

Power at rated wind speed (kW) 20 

Cut-in wind speed (m/s) 4.0 

Maximum power output (kW) 22.74 

Number of blades 3 

Blade diameter (m) 10.4 

Blade sweep area (m?) 81.67 

Control system Automatic side furling 
Gearbox None 

Brakes Electro-dynamic 
Generator Permanent magnet alternator 
Yaw control Tail vane 

Tower height (m) 18 

Capital cost (€) 67,942 

Replacement cost (€) 50,957 

Operation and maintenance cost (€/yr) 2038 

Lifetime (years) 25 


22 
20 


Power output (kW) 
S 


0 2 4 6 8 10 12 14 16 18 20 
Wind speed (m/s) 


Fig. 1. Westwind 20 kW power curve. 


annual real interest rate is equal to the nominal interest rate minus 
the inflation rate. HOMER converted the capital cost of each 
component to an annualized cost by amortizing it over its 
component lifetime using the real discount rate. 

The COE is the average cost per kWh of useful electrical energy 
produced by the system. To calculate the COE, it divides the 
annualized cost of producing electricity by the total useful elec- 
trical energy production: 


Cann, tot 
Eprim, AC +E prim, DC +E ger 


COE = (€/kWh) (3) 
where, Cann,tor is the total annualized cost of the system [€/yr], 
Eprimac is the AC primary load served [kWh/yr], Eprim,pc is the DC 
primary load served [kWh/yr], and Eger is the deferrable load 
served [kWh/yr]. 

Renewable fraction (RF) is the portion of the system's total 
energy production originating from renewable power sources and 
it is calculated by dividing the total renewable power production 
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Fig. 2. Profiles of daily electricity demand. 


(Eren) by the total energy production (Etot). 


Eren 
RF = 4 
Eat 9 


Ideally, the priority of battery charging should take into account 
future load and supply and under the load following strategy, 
a generator produces only enough power to serve the load, which 
does not charge the battery bank. Under the cycle charging strategy, 
whenever a generator operates it runs at its maximum rated 
capacity, charging the battery bank with any excess electricity 
produced. The generator will not stop charging the battery bank 
until it reaches the specified state of charge set by the user. Cycle 
charging was chosen as the case study dispatch strategy as it is the 
more suitable for large-scale systems, providing greater longevity 
both for the diesel generator and battery bank, due to less frequent 
stopping and starting, and battery bank and a reduced risk of over- 
discharge. HOMER's operating reserve constraint is the additional 
reserve capacity which a system requires to account for sudden 
increases in the electric load or sudden decreases in the renewable 
power output. An hourly electrical load reserve of 10% was defined 
for the present case study [22]. 

We compare two potential options for power supply to the 
farm: on the one hand, a grid connected system and on the other 
hand, a stand-alone hybrid system consisting of the above men- 
tioned turbine and a diesel generator and a battery to stores excess 
energy generated. Both cover the electrical needs in the absence 
of wind. 

Each livestock unit is supposed to produce an average of 7500 L 
of milk or 7650 kg/yr, which amounts to 382,500 kg/yr. If we 
consider an average electricity consumption of 0.06 kWh/kg of 
milk [33], the annual electricity demand is 22,950 kWh/yr. 

Two electrical demands are considered according to the period of 
the year, with a different distribution during the day. Load 1 to the 
period between October and March (average: 64.2 kWh/d) and 
load 2 from April to September (average: 65.2 kWh/d). This different 
electricity demand is due to temperature differences and official 
time change (Fig. 2). The maximum values are dependent upon the 
hours that made the two milkings (08:00 and 19:00) and will cause 
increased demand for cooling milk [34-36]. 
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Fig. 3. Distribution of daily electricity demand. (a) Load 1 (October-March). (b) Load 2 (April-September). 
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Fig. 4. Profiles of month electricity demand. 


In the milking parlor are placed vacuum pump to extract milk 
from the cow udders (5.5kW) and milk pump (0.5 kW) for 
transport to the cooling tank (4 kW) where it is cooled to 3-5 °C. 
It is needed for cleaning, a water pump to the milk circuits (1.5 kW), 
a scraper for extracting manure from the stables (2.0 kW) and an 
electric heater for water (2.0 kW). Lighting with fluorescent lamps 
reaches a total installed power of 5 kW. Ventilation by fans (1 kW) 
and other lines with various uses (1.5 kW) complete electrical needs 
[37,38]. So the total AC installed capacity reaches 23 kW. In Fig. 3 
the distribution of consumption is observed for the two types of 
power demand. 

HOMER simulates the work of the system by making energy 
balances for each of the 8760 h a year. The hourly load profile of 
power demand of the charges connected to the system is not 
available for the whole year, so it synthesizes the load profile 
considering the power demand of a random day and applying 
some random values: 15% for day-to-day randomness and 10% for 
time-step-to-time-step randomness. Therefore the load for each of 
the months will have a minimum, maximum and average value 
(Fig. 4). HOMER randomly draws the daily perturbation value once 
per day from a normal distribution with a mean of zero and 
a standard deviation equal to the "daily variability" input value. It 
randomly draws the time step perturbation value every time step 
from a normal distribution with a mean of zero and a standard 
deviation equal to the “time-step-to-time-step variability” 
input value. 

The service charge that must be paid even if you do not use the 
electricity at all, it accounts for the availability of the service. In 
this study, the service charge is considered 643.5 €/yr in each 
simulation [39]. 


Fig. 5 shows the two diagrams of systems, stand-alone and 
connected to the grid with its energy flows. 

In the case of a grid connected system, a sensitivity analysis 
was carried out to examine the effect of electricity price variation 
on the COE. The base electricity price is 0.160 €/kWh and the 
variation of 20% in the price were also studied (0.128 and 0.192 
€/kWh). The distance to the electricity line was also considered (1, 
3, 5, 7 and 9 km), which is an additional cost for the farm and for 
this option. This cost is considered as a system fixed capital cost 
because it occurs at the start of the project regardless of the size or 
architecture of the power system and it is shown in Table 3. 

When electricity reaches the farm and it is distributed by the 
hybrid system, diesel price variations are very important, so a new 
sensitivity analysis was carried out to examine the effect of diesel 
price consumed by the generator. The base diesel price is 1.5 €/L 
and a variation of 20% in the price were also studied (1.2 and 1.8 
€/L). We also studied the influence of the turbine's price in the COE 
with an increase of 25%. The excess of electricity supplied by the 
wind turbine is stored in a battery. In case of an energy deficit, the 
battery and the diesel generator will supply the energy needed. 
The specifications of the batteries and the generator are shown in 
Tables 4 and 5. The bi-directional converter (inverter/rectifier and 
transformer) that connects the battery to the electrical loads and 
to wind turbine has a capacity of 15 kW and a cost of 5899€ [41]. In 
this system, power cannot come from both the generator and the 
batteries at the same time. 

The analysis of the effect of an increase in the capacity of the 
battery is very relevant. In order to do so, we took the base case of 
the study for the hybrid system. The price of diesel is 1.5 €/L and 
the battery is a Hoppecke 4 OPzS 200 model. We also carried out 
an analysis of the influence of reducing the turbine's service life 
from 25 to 15 years. 

We also examined the hypothetical case of a 202; funding for 
the turbine and its replacement. The wind turbine is the most 
expensive element, so this price reduction could be relevant for 
the reduction of the total COE of the installation. 

Table 6 shows all the variations analyzed in the sensitivity 
analysis. 


3. Results 


The cost effectiveness of a system configuration is determined 
on the basis of its NPC, so the NPC is HOMER's main economic 
output. Fig. 6 shows the NPC of grid-connected systems, consider- 
ing different distances to the electric line and electricity's prices. 
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Fig. 5. Schematic diagrams of the proposed systems. (a) Stand-alone. (b) Connected to grid. 


Table 3 
Fixed costs in the grid connection system [40]. 
Distance to the electricity line (km) Cost (€) 
1 38,000 
3 102,000 
5 166,000 
7 230,000 
9 294,000 
Table 4 
Specification of batteries used in the study [42]. 
Battery type Hoppecke Hoppecke Hoppecke Hoppecke 
4 OPzS 200 6 OPzS 300 6 OPzS 600 8 OPzS 800 
Nominal capacity 200 300 600 800 
(Ah) 
Nominal voltage (V) 2 2 2 2 
Strings 1 1 1 1 
Min. state of charge 30 30 30 30 
(%) 
Batteries per string 60 60 60 60 
Capital cost (€) 150 200 275 325 
Replacement cost (€) 113 150 206 244 
Operation and 4.5 6 8.25 9.75 
maintenance cost 
(€/yr) 
Table 5 
Characteristics of the diesel generator [43]. 
Generator type Taigtier 


Size (kW) 15 


Voltage (V) 230 
Full load fuel consumption (L/h/kW ouput)) 0.25 
Operating hours (h) 15,000 
Capital cost (€) 4650 
Replacement cost (€) 4418 
Operation and maintenance cost (€/h) 0.02 


It can be observed that the lowest NPC for electricity supply 
over 25 years is 139651€ at a purchase cost from local supplier of 
electricity of 0.128 €/kWh, when the distance to the electricity grid 
is the lowest too. The cost of the grid-connected and the stand- 
alone systems are compared in Fig. 7. There are five continuous 
lines that represent the system supplied only by the electricity grid 
with an electricity price of 0.16 €/kWh and different distances to 


Table 6 
Sensitivity analysis of the economic study. 
Variables Base case New values 
Diesel price (€/L) 15 1.2 18 
Battery size (Ah) 200 300 600 800 
Turbine price (€) 67,9942 Increase of 25% Reduction of 25% 


Lifespan (years) 25 15 


Power price (€/kWh) 0128 0.150 0.192 


450000 
400000 
350000 
300000 
250000 
200000 
150000 
100000 


=—¢ -Only grid 1 km 
=> .Only grid 3 km 


NPC (& 


=— á= Only grid 5 km 
== Only grid 7 km 
= Only grid 9 km 


0.128 0.192 


0.160 
Electricity purchase cost (€/KWh) 


Fig. 6. Variation of net present cost (NPC) (€) in grid-connected systems. 
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Fig. 7. Variation of net present cost (NPC) (€) comparing a stand-alone system 
when the electricity purchase cost is 0.16 €/kWh with grid-connected systems in 
the studied locations. 


the electricity grid. The NPC of the hybrid system is represented by 
bars in each location, considering different diesel prices (base 
price of 1.5 €/L and its variation of 20%). 
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Fig. 8. Variation of cost of energy (COE) (€/kWh) comparing a stand-alone system 
with a grid-connected system in the studied locations. 


Table 7 
Values of cost of energy (€/KWh) and renewable fraction (RF) for different diesel 
prices in the locations studied. 


Wind speed (m/s) COE RF (%) 
Diesel: 1.2 €/L Diesel: 1.5 €/L Diesel: 1.8 €/L 

3.92 0.63 0.73 0.82 22 

5.08 0.57 0.66 0.74 35 

6.19 0.52 0.59 0.66 51 

7.39 0.51 0.57 0.64 54 


The nearest stand-alone system to the electricity grid is the 
most economic with the total NPC 162550€, while the NPC of the 
most economic hybrid system is 362550€ when the diesel price is 
1.2 €/L and the location has an average speed of 7.39 m/s. The NPC 
of the hybrid system for all studied diesel price is higher than the 
NPC with only grid, except the grid to 9 km. In this case, is lower in 
all locations if the diesel price is 1.8 €/L. 

Fig. 8 shows the variation of the COE in the studied locations 
according to average wind speed. We compare the option of a 
stand-alone system, considering different diesel prices, with a base 
price of 1.5 €/L and a price variation of 20%, with a grid-connected 
system considering different electricity prices. Electricity's base 
price is 0.16 €/kWh and its price variation is 20%. 

In Fig. 8, there are four groups of broken lines that represent 
the system supplied only by the electrical grid. Within each of 
these groups are represented electricity prices: 0.128, 0.160 and 
0.192 €/kWh. Continuous lines represent the stand alone system 
with different diesel prices to supply the generator in the 
installation. 

It is observed that in all locations, if the price of diesel is 1.8 €/L, 
the stand-alone system would not be profitable independent of 
distance to the grid. Also if the distances to the network are lower 
than 5 km, stand-alone systems have the highest COE. Moreover if 
the diesel price is 1.5 €/L, the COE of stand-alone systems is lower 
only if the network is at more than 9 km, regardless of location. It 
is perhaps more remarkable that only in two locations with higher 
speeds, the COE of stand-alone systems is less. 

These results show, according to Henry [44,45], the need for 
financial incentives to make certain technologies economically 
feasible. Implementation conditions change depending on the 
country and type of renewable energy. Also Ross et al. [46] detail 
the effect of increased RF into the drop in energy costs over caused 
by the size of the turbine. 

Table 7 presents the values of the COE according to the three 
diesel prices considered and the values of the RF of the four 
locations studied. In Table 7, we can see that the lowest COE is in 
locations with a higher average wind speed and the lowest diesel 
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Fig. 9. Variation of cost of energy (COE) (€/kWh) comparing the base case with an 
increase in the initial price of the wind turbine studied in each location. 


Table 8 
Variation of cost of energy (COE) (€/kWh) due to a 20% discount on the wind 
turbine's initial price in each location. 


Wind speed (m/s) COE 


Diesel: 1.2 €/L Diesel: 1.5 €/L Diesel: 1.8 €/L 
3.92 0.61 0.71 0.80 
5.08 0.55 0.64 0.72 
6.19 0.50 0.57 0.64 
7.39 0.49 0.55 0.62 


Table 9 
Variation of COE (€/kWh) according to the nominal capacity of the batteries of the 
hybrid system in each location studied with a diesel price of 1.5 €/L. 


Wind speed (m/s) Battery capacity 


200 Ah 300 Ah 600 Ah 800 Ah 
3.92 0.73 0.71 0.70 0.69 
5.08 0.66 0.64 0.62 0.61 
6.19 0.59 0.56 0.54 0.54 
7.39 0.55 0.51 0.47 0.45 


price. Regarding RF, in locations with an average wind speed of 
6.19 and 7.39 m/s, 51% and 54% of the energy demand is provided 
by wind turbine respectively. 

Himri et al. [12] show that in Algeria, a stand-alone wind-diesel 
hybrid system is economically viable with wind speeds of 5.48 m/s 
for 600 kW wind turbines without energy storage available. More- 
over Shaahid [22] put emphasis on the percentage fuel savings by 
using hybrid wind-diesel-battery system (100-kW WECS, 175-kW 
diesel system, 4h storage) is 27% as compared to diesel-only 
situation. When there is an increase of 2575 of the initial price of 
the wind turbine, produces an average increase of 0.02 €/kWh in 
the COE with respect to the base case. Fig. 9 represents the 
variation. 

Table 8 shows the values of the COE according to the three 
prices of diesel considered, if the wind turbine's price is reduced 
20% due to public funding. When we compare Tables 7 and 8, we 
can see that the decrease in the initial price of the turbine by 20% 
provides a decrease of COE at 0.02 €/kWh in all cases studied. As a 
result, in the locations of 6.19 and 7.39 m/s average speed, stand- 
alone systems provide COE values lower than those obtained by 
the grid to 9 km away. 

By increasing the capacity of the batteries, diesel consumption 
is lower and therefore the COE is also lower and in many of the 
cases studied isolated system is more competitive than the system 
connected to the network. Table 9 shows the variation of the COE 
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Fig. 10. Variation in the cost of energy (COE) (€/kWh) comparing the size of the 
battery in the stand-alone system with grid-connected systems in the studied 
locations. 
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Fig. 11. Electricity supply (kWh/yr) in each location studied and its variation in cost 
of energy (COE) (€/kWh). 


Table 10 
Cost of energy (COE) (€/kWh) with a turbine's lifespan of 15 years. 


Wind speed (m/s) Diesel price 

1.2 €/L 15 €/L 1.8 €/L 
3.92 0.66 0.76 0.85 
5.08 0.60 0.69 0.77 
6.19 0.55 0.62 0.69 
7.39 0.54 0.60 0.67 


according to the increase in nominal capacity of the batteries 
analyzed in the four studied locations. If we change from a 
200 Ah-battery to 800 Ah the COE will drop from 5% in the first 
location, with speed of 3.92 m/s, up to 18% on location with 
7.39 m/s wind speed. If the battery size is 800 Ah, at the location 
with 7.39 m/s, stand-alone system has lower COE, regardless of the 
price of energy, when the distances from the grid are at least of 
7km. Also at the location 6.19 m/s average speed for this size 
battery, the COE is lower that obtained with the grid of more than 
9km. These results are in line with other works [22,29,46] and 
Fig. 10 shows these decreases. 

Nandi et al. [14] studied the installation of a 7 kW wind turbine 
at a location with average wind speed of 5.3 m/s and electric 
demand of 160 kW/d. Considering an annual storage capacity of 
5%, the wind- diesel hybrid system will reduce NPC as well as COE 
to about 20% and the diesel consumption could be reduced to 
about 50% of its present annual consumption. 

Fig. 11 shows the annually produced electricity by the wind 
turbine so as diesel generator at each location. The higher the 
wind speed, increase the contribution of the turbine. It will reach 
the value of 51% in location with an average wind speed of 6.19 
m/s and 54% in location with a speed of 7.39 m/s. We can also 
observer the decrease in COE due to increased consumption of 


electric energy generated by the wind turbine. When the lifespan 
of the turbine is 15 years instead of 25, which coincide with the 
duration of the project, increases the COE 0.04 €/kWh respect to 
the base case. The obtained results are shown in Table 10. 


4. Conclusions 


This article analyzes the economic option of a wind-diesel- 
battery system with a 20kW turbine and an average daily 
consumption of 64.2-65.2 kWh/d in contrast to a system con- 
nected to the grid only. The use of wind power by means of small 
wind turbines can be a source of important alternative energy for 
rural electrification. 

According to the data obtained in the simulation, the lowest 
values in the NPC and in the COE occur when the system is 
connected to the electricity grid. The stand-alone system begins to 
be economically competitive after distances of 9 km and depend- 
ing on the average wind speed and energy prices. We can infer 
that in locations with an average wind speed higher than 7.39 m/s 
a stand-alone system is profitable as long as the distance to the 
electricity grid is higher than 7 km, the price of electricity is 0.192 
€/kWh and diesel price is 1.8 €/L. 

If there is a 25% increase from the wind turbine's initial price, it 
brings about an average increase of 0.02 €/kWh in the value of the 
COE and If lifespan of the turbine were 15 years, instead of 25 
years, the cost of energy would be 0.04 €/kWh higher. 

Finally if we change from a 200 Ah-battery to 800 Ah, the COE 
will drop 18% on the location with 7.39 m/s average wind speed. If 
the battery size is 800 Ah, at the location with 7.39 m/s, stand- 
alone system has lower COE, regardless of the price of energy, 
when the distances from the grid are at least of 7 km. From these 
situations off-grid rural electrification becomes economically 
attractive. 

If it decreases wind turbine's initial price a 202, the COE 
decreases an average of 0.02 €/kWh. The difference between the 
COE is most noticeable in areas with higher average wind speed, so 
that it would be the help that occur in these locations and thus 
may increase the use of small wind turbines as occurs in other 
countries [28]. 
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